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A B S T R A C T
An analysis of transcriptomes from the antennae of the three South American stink bugs (Euschistus heros,
Chinavia ubica, and Dichelops melacanthus) revealed the presence of picorna-like virus genome-length RNAs with
high sequence identity to the genome of Halyomorpha halys virus (HhV), originally discovered in the tran-
scriptome of the brown marmorated stink bug, Halyomorpha halys. Features of the genome, phylogenetic re-
lationships to other viruses, and the appearances of virus-like particles isolated from host stink bugs all conﬁrm
that these viruses are iﬂaviruses and isolates of an undescribed species. Iﬂavirus RNAs were present at high levels
(40%–90% of transcriptome reads) in the stink bug antennal transcriptomes. In whole-insect transcriptomes of
H. halys, HhV reads were> 500-fold more abundant in adults than in nymphs. We identiﬁed from ﬁeld popu-
lation a subject of species E. heros infected by this iﬂavirus. The results of the analysis suggest that these iﬂa-
viruses are able to produce large quantities of their RNAs without causing any obvious pathology to their hosts.
1. Introduction
Iﬂaviruses belong to the picorna-like virus family Iﬂaviridae (order
Picornavirales) and are classiﬁed within a single genus, Iﬂavirus (Valles
et al., 2017). Members of Iﬂavirus infect invertebrates of phylum Ar-
thropoda, including Lepidoptera, Hymenoptera, Diptera, Coleoptera,
Acari, Araneae, Mesostigmata, and Decapoda (Aizawa et al., 1964; Liu
et al., 2017). They are characterized by a positive ssRNA genome or-
ganized into a single ORF that codes for one polyprotein consisting of
structural and non-structural peptides. The ORF is ﬂanked by a long
IRES-containing 5′-UTR and a short, conserved poly-A tail-containing
3′-UTR (Lanzi et al., 2006), which regulate both virus replication and
translation (Belsham, 2009). A stable 30-nm non-enveloped ichosahe-
dral capsid packages and shields the RNA genome (van Oers, 2010).
The iﬂavirus infection process is still not well understood and seems
to diﬀer depending on the host type. In some iﬂavirus hosts, such as the
silkworm Bombyx mori (Himeno et al., 1974), the oil palm tree pest
Opsiphanes invirae (Silva et al., 2015), and the honey bee Apis mellifera
(Yue et al., 2007), signs of infection are quite evident depending on the
virus species and host condition. For example, in silkworm larvae, the
pathology of infectious ﬂacherie virus (the type species of iﬂavirus)
infection includes a brown color or other discoloration of the posterior
and middle parts of the insect body and ﬂaccidity (Inoue and Ayuzawa,
1972). In honeybees, iﬂaviruses may cause foreleg paralysis, wing de-
formities, a shortened abdomen and discoloration of the adult bees, as
well as mortality (Bailey and Woods, 1974; Bailey and Ball, 1991).
These viruses are usually associated and transmitted by the parasite
mite Varroa destructor (Santillán-Galicia et al., 2010), and may be di-
rectly linked to colony collapse disorder (Bailey and Ball, 1991).
However, the majority of iﬂavirus infections do not result in visible
signs of infection or any apparent disease (van Oers, 2010).
The ﬁrst picorna-like virus found infecting a stink bug was reported
from the southern green stink bug, Nezara viridula, by Williamson and
von Wechmar (1992, 1995). This virus (Nezara viridula virus 1; NVV1)
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caused reduced insect longevity when associated with a toti-like virus
with a monopartite dsRNA genome (NVV2). Another picorna-like virus
(Plautia stali intestine virus, PSIV) causing disease in a stink bug was
isolated from the brown-winged green bug, Plautia stali. PSIV was also
shown to infect the brown marmorated stink bug, Halyomorpha halys
(Nakashima et al., 1998). A covert picorna-like virus infection of a stink
bug host was detected when a picorna-like virus genome was identiﬁed
in a whole body transcriptome developed from a USDA colony of Ha-
lyomorph halys (Sparks et al., 2013). Analysis of the genome sequence
indicated that this virus (termed Halymorpha halys iﬂavirus, or HhV)
should be classiﬁed as an iﬂavirus. No further studies on the route of
infection, pathology, or biological control potential of HhV have been
published.
In this study, we report the discovery of new isolates of HhV cov-
ertly infecting three other pentatomid hosts, including Euschistus heros
(Fabricius, 1794), Chinavia ubica (Rolston, 1983), and Dichelops mela-
canthus (Dallas, 1851). E. heros is considered the major pest of soybean
cultures in Neotropical regions (Panizzi et al., 2000). C. ubica and D.
melacanthus are soybean secondary pests less abundant than E. heros
and damage soybean crops as well (Panizzi et al., 2000, 2007). In
general, stink bugs feed by inserting their needle-like stylets into stems,
leaves, blooms, fruit or seeds (Velikova et al., 2010). By sucking on
plant ﬂuids and injecting toxic saliva into the host tissues, these or-
ganisms cause delayed maturation and deformities in seeds, which af-
fects grain quality and production (Velikova et al., 2010). Several
strategies to control the spread of stinkbug populations have been
adopted, including the applications of broad-spectrum insecticides, the
release of natural predators such as the Neotropical egg parasitoid
Telenomus podisi (Ashmead, 1893) (Hymenoptera: Scelionidae), and the
use of entomopathogenic biopesticides (Gouli et al., 2012) or pher-
omone lures (Weber et al., 2014). However, the intensive and indis-
criminate use of chemical insecticides has resulted in the elimination of
natural enemies and the selection of resistant insect populations (Baur
et al., 2010). Because several hemipterans of family Pentatomidae may
be invasive pests, the impact of covertly-infecting viruses on insect pest
biology and ecology is of importance for the control of insect popula-
tions.
2. Materials and methods
2.1. SRA data, trimming, de novo assembly, and BLAST search
We obtained the raw transcriptome data from Sequence Read
Archive (SRA) experiments (Table S1) assigned to the BioProject
PRJNA246320 using the software CLC Genomics Workbench 11 (CLC
bio, Aarhus, Denmark). The transcriptomes were generated from three
pools containing 50 antenna pairs from males and females (1:1) of three
Brazilian stink bug species E. heros, C. ubica, and D. melacanthus (for
more details, see Farias et al., 2015) from a technical duplicate. The six
raw SRAs were trimmed and de novo assembled using the same soft-
ware. The generated contig lists were used as queries to search for si-
milar viral sequences in a non-redundant local Viral protein Refseq
database by means of the BLAST implemented in Geneious R10 (Kearse
et al., 2012).
2.2. Viral genome assembly, annotation, and viral RNA quantiﬁcation
Several contigs were found to have signiﬁcant sequence similarity to
the genome sequence of Halyomorpha halys virus (HhV), previously
identiﬁed in the transcriptome of the brown marmorated stink bug
Halyomorpha halys (Hemiptera: Pentatomidae; Sparks et al., 2013). In
order to assemble complete viral genome sequences, we used the HhV
genome (GenBank accession no. NC_022611) as a reference sequence
and mapped individually trimmed reads from the six libraries that
matched the HhV sequence with a pairwise identity of ≥80% in Gen-
eious R10 (Kearse et al., 2012). After that, we extracted the consensus
sequence for each mapped read and mapped back again the trimmed
reads exhibiting a pairwise identity of ≥99% to conﬁrm the results of
the ﬁrst mapping and the correct assembly of the viral genomes.
Moreover, to quantify the viral RNA sequence reads in diﬀerent tran-
scriptomes, we mapped the total trimmed reads for each transcriptome
against the HhV polyprotein CDS sequence. As an internal control, we
used the CDS sequence of the highly expressed actin gene. The total
number of mapped reads were divided by the total number of reads and
the query size (i.e. the virus polyprotein CDS or the actin CDS) for each
replicate and the mean ± standard deviation were plotted in graph
bars as arbitrary values. In the case of H. halys, one single replicate was
performed for transcriptomes generated from second and fourth instar
nymphs, adult male, and adult female (Sparks et al., 2014). Imature and
adults are graphed together with mean ± standard deviation.
2.3. Search for single nucleotide variants (SNVs) among isolates of HhV in
the polyprotein CDS
To search for SNVs among the new virus isolate genomes, we con-
ducted a MAFFT alignment between the HhV genome and each of the
new identiﬁed genomes. After that, we set the HhV genome sequence as
a reference and searched for variants within the polyprotein CDS.
Eﬀects of polymorphisms on conceptual translation were analyzed
using the software Geneious R10 (Kearse et al., 2012).
2.4. Genome annotation and virus phylogeny
Iﬂaviruses encode a single polyprotein within a single ORF.
Therefore, we used Geneious to identify a similar CDS occurring in each
of the three genomes of the newly discovered HhV isolates. Moreover,
we performed BLASTP analysis of the predicted polyprotein amino acid
sequences to search in the non-redundant Genbank database for related
iﬂaviruses and identify conserved regions (Altschul et al., 1997).
Afterward, we carried out a phylogenetic analysis using the predicted
amino acid sequence of the RNA-dependent RNA polymerase (RdRp)
(Pfam entry, cd01699) domain found in several inﬂaviruses and other
related picornaviruses, including dicistroviruses and secoviruses. The
GenBank accession numbers of the taxa used are available in Table S1.
The sequences were aligned by the MAFFT method (Katoh et al., 2002)
and used to search for the best evolutionary model using the software
MEGA 7 (Kumar et al., 2016). We inferred phylogenetic relationships
among the RdRp sequences by maximum likelihood as implemented in
PhyML (Guindon et al., 2010) using the model LG + G (0.81). The tree
was rooted against the clade containing members of the Secoviridae.
2.5. Insects and iﬂavirus RNA prospection in ﬁeld population
Stinkbugs of E. heros, C. ubica, and D. melacanthus (Hemiptera:
Pentatomidae) used in this study were obtained from laboratory co-
lonies previously established in the Semiochemicals Laboratory of
EMBRAPA Genetic Resources and Biotechnology, Brasília, DF, Brazil
(15° 47´S and 47° 55´ W). The insects were kept in a climatized room, at
26 ± 1 °C, 65 ± 10% RH and a 14:10 (day:night) photoperiod.
Individual stink bugs were reared in 8 L plastic cages separated by
species. Insects were fed with a natural diet containing sunﬂower seed
(Heliantus annus L. [Asteraceae]), peanut (Arachis hypogaea L.
[Fabaceae]) and soybean (Glycine max L. [Fabaceae]), fresh bean pods
(Phaseolus vulgaris L. [Fabaceae]) and water. Individuals of the brown
marmorated stink bug (H. halys) were obtained from a colony initiated
from adults collected in Pennsylvania, USA, maintained at the USDA-
ARS Beltsville Agricultural Research Center in Beltsville, Maryland,
USA, and supplemented with individuals collected locally in Beltsville
(Sparks et al., 2014). Individuals of species E. heros were collected from
soybean (G. max) ﬁelds in the Midwest Region of Brazil (Federal Dis-
trict). The whole body of ten ﬁeld-collected adult individuals (picked
randomly) of species E. heros and three pools (with ﬁve adult subjects
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each) of laboratory-obtained individuals of species D. melachantus, C.
ubica, and E. heros were macerated with Trizol™ Reagent (Thermo
Fisher Scientiﬁc) and used for RNA extraction according to manufac-
turer's instructions. The extracted total RNAs were subjected to cDNA
ﬁrst-strand synthesis using GoScript™ Reverse Transcriptase (Promega)
according to manufacturer's instructions. After cDNA synthesis, a di-
lution of 1:50 was individually used as template for PCR with 0.4 μM of
the primers Penta-Iﬂavirus F (GAC CGA ACT CTT AAC GGA GGA GGA
GC) and Penta-Iﬂavirus R (CTA TAA GAC ATA CCA GCA AAT TCT AT),
300 μM of dNTP mix (Fermentas), 1 U of GoTaq (Promega), and 1x of
the supplied reaction buﬀer. The reactions were subjected to the fol-
lowing program: 95 °C/2min, 35 cycles of 95 °C/30s, 53 °C/30 s and
72 °C/1min with a ﬁnal extension of 5min at 72 °C.
2.6. Semi-puriﬁed virus negative staining
For extraction of virus particles from E. heros, C. ubica, and D.
melacanthus, a total of 10 whole stink bug males and females from each
species were homogenized with 25mL of Phosphate Buﬀered Saline 1X
(PBS, 137.0 mM NaCl, 2.7mM KCl, 10.0mM Na2HPO4, 2.0mM
KH2PO4, pH 7.4), and centrifuged at 4000×g for 10min for clariﬁca-
tion. The supernatants were ﬁltered through a syringe plugged with
cotton, loaded in polyallomer ultracentrifuge tubes (Beckman) and
centrifuged at 63,000×g for 75min. The pellets containing the virus
particles were resuspended in PBS-1X and prepared for Transmission
Electron Microscopy (TEM) by negative staining as described elsewhere
(Brenner and Horne, 1959) and observed in a TEM Jeol 1011 at 100 kV.
For extraction of virus particles from H. halys, 20 adults were
homogenized in 15mL NT buﬀer (100mM Tris-HCl, pH7.6, and 10mM
NaCl) with an Ultra-Turrax T-25. The homogenate was ﬁltered through
three layers of cheesecloth in a funnel with a steel strainer and further
clariﬁed by low-speed centrifugation (1467×g) for 10min. The su-
pernatant was transferred to polyallomer tubes, underlaid with a 20%
(w/v) sucrose pad, and centrifuged at 103,680×g for 4 h. The pellet
containing virus particles was resuspended in PBS. Virus particles were
negatively stained with 2.5% phosphotungstic acid (w/v) for 5 s. After
drying, grids with stained particles were viewed and imaged at 80 kV
with a Hitachi HT-7700 transmission electron microscope (Hitachi High
Technologies America, Inc., Dallas, TX, USA).
3. Results
3.1. Three virus isolates related to Halyomorpha halys virus (HhV) were
found in the antenna transcriptomes of three Brazilian pentatomid species
We discovered complete viral genomes with a high degree of se-
quence identity to the iﬂavirus Halyomorpha halys virus (HhV) in the
antennal transcriptomes of the stink bugs E. heros, C. ubica, and D.
melacanthus (Hemiptera: Pentatomidae). Contigs of viral genomes were
assembled from these transcriptomes with a high degree of sequencing
coverage, ranging from 180,000 to 480,000 X. In Table 1, the char-
acteristics of the viral genomes are compared to each other and to the
previously sequenced HhV genome sequence. The viral isolates were
named according to the host species: Euschistus heros iﬂavirus (EhIV),
Chinavia ubica iﬂavirus (CuIV), and Dichelops melacanthus iﬂavirus
(DmIV). DmIV was the isolate with lowest pairwise nucleotide identity
when compared to the other isolates with about 83% identity, while
EhIV and CuIV were almost identical to each other and exhibited about
98% nucleotide sequence identity with HhV.
A search of seven pentatomid transcriptomes from Nezara viridula,
Plautia stali, Dolycoris baccarum, Murgantia histrionica, Acrosternum hi-
lare, Chalcocoris rutilans, and Erthesina fullo (Table S1) failed to identify
reads mapping to the HhV genome sequence or any other isolate de-
scribed in this work. We also failed to ﬁnd HhV-related sequences in the
genomic DNA sequence data of several pentatomids, including E. heros,
C. ubica, D. melacanthus, H. halys, Chinavia impicticornis, Stiretrus an-
chorago, and Piezodorus guildinii (Table S1).
3.2. Phylogeny of Halyomorpha halys virus and the three new virus isolates
Features of the sequences of the three new isolates suggest they
belong to the virus family Iﬂaviridae. This family is classiﬁed under
order Picornavirales and is related to families Dicistroviridae and
Secoviridae (Le Gall et al., 2008). In order to understand the relationship
of the new isolates and HhV to other iﬂaviruses, we constructed a
phylogenetic tree based on rdrp sequences retrieved from the non-re-
dundant Genbank database. The four viruses clustered together,
forming a highly supported monophyletic clade within a larger clade
containing other iﬂaviruses. The most genetically distant isolate, DmIV,
was the most basal taxon in the clade (Fig. 1).
The species demarcation criterion for members of genus Iﬂavirus is
based on amino acid sequence identity in the capsid region of the
polyprotein, with iﬂaviruses exhibiting> 90% capsid amino acid se-
quence identity with each other considered to belong to the same
species (Valles et al., 2017). Amino acid sequence identities among the
capsid sequences of HhV, CuIV, DmIV, and EhIV are all> 94%, in-
dicating that they are isolates of the same species of genus Iﬂavirus
(Fig. 2). Identities with capsid sequences of other iﬂaviruses are<
28.3%, suggesting that HhV and the stink bug viruses identiﬁed in this
study represent a distinct iﬂavirus species.
3.3. Genetic variation among stink bug iﬂaviruses
Upon pairwise comparison of the HhV polyprotein CDS with those
of the other stink bug iﬂaviruses (Table 2), DmIV was found to contain
the most single nucleotide variants (SNV), with a total of 1175 SNVs. 82
of these SNVs constituted non-synonymous substitutions. In contrast,
CuIV and EhIV each exhibited 199 SNVs with 20 and 19 non-synon-
ymous substitutions, respectively. These sequence diﬀerences corre-
sponded to polyprotein CDS nucleotide pairwise alignment identities
was 83.7% for DmIV and 97.8% for CuIV and EhIV compared to HhV.
3.4. 5′- and 3′-Untranslated region analysis
Pairwise alignment of the 5′- and 3′-untranslated regions (UTRs) of
the novel pentatomid iﬂavirus isolates and HhV revealed global se-
quence identities of 95.3 and 90.9%, respectively. Yet again, DmIV was
found to possess the most divergent sequences for these two regions. As
previously observed with the CDS sequence, the 5′-UTR sequences of
CuIV and EhIV were identical to each other. CuIV and EhIV diﬀered in a
U-rich region of the 3′-UTR with a pairwise identity of 97.1%. Although
DmIV was the most genetically diﬀerent in sequence identity, the sec-
ondary structures of the 5′-UTRs predicted at 25 °C (Andronescu et al.,
2007) were more closely related to each other than to the HhV 5′-UTR
secondary structure (Fig. 3).
3.5. Viral RNA quantiﬁcation in the antenna transcriptome
In order to quantify the viral RNA in the transcriptomes, we plotted
the percentage of reads in the transcriptome dataset that mapped to the
Table 1
Genome characteristics of the pentatomid iﬂavirus isolates with their respective
nucleotide identity (nt ID) percentages.
Virus Host species Genome Size (nt) nt ID (%)
HhV EhIV CuIV DmIV
HhV Halyomorpha halys 9271 – 97.74 97.76 83.88
EhIV Euschistus heros 9356 97.74 – 99.98 83.94
CuIV Chinavia ubica 9351 97.75 99.98 – 83.96
DmIV Dichelops melacanthus 9359 83.88 83.96 83.96 –
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viral isolate genome sequences. For the antenna transcriptome of C.
ubica, more than 40% of the total reads obtained mapped to the CuIV
genome. Surprisingly, in the transcriptome of D. melacanthus and E.
heros, the percentages of reads mapping to the iﬂavirus genome se-
quences were even higher, ranging from>70% to almost 90% of the
total number of reads, respectively (Fig. 4A). Therefore, we plotted the
total number of reads for each transcriptome that mapped against either
the viral isolate genomes or the actin mRNA as an internal control
(Fig. 4B). The poly-A tails were subtracted for both the viral genome
and the gene mRNA during mapping. The results suggested that the
antennal tissues derived from the three stinkbugs contained a very high
level of viral genomic RNA, much higher than actin mRNA (Fig. 4B).
The D. melacanthus antenna transcriptome data set contained 2300-fold
more reads mapping to the DmIV genome than to the actin mRNA. Viral
genomic RNA levels for the three novel iﬂaviruses were similar when
compared to each other.
3.6. Viral RNA quantiﬁcation in the whole body transcriptomes of
Halyomorpha halys in nymphs and adults
Separate sets of transcriptomic data were available for H. halys
nymph (second and fourth instar) and adult (male and female) devel-
opmental stages. To quantify the viral RNA in these transcriptomes, we
plotted the percentage of reads that mapped against the HhV genome
Fig. 1. ML phylogenetic inference of the relationships among Halyopmorpha halys virus and other related pentatomid iﬂaviruses to other iﬂaviruses, dicistroviruses,
and secoviruses. Members of the Secoviridae were used to root the tree.
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for each group. The results indicated that the amount of HhV genome
RNA was approximately 510-fold more abundant in adult compared to
nymphs, suggesting that HhV RNA levels increase as the insect pro-
gresses through development (Fig. 5A). Moreover, the percentage of
viral RNA obtained from the whole body of H. halys seemed to be less
abundant when compared to the antenna transcriptome. When the total
number of reads for the nymph and adult transcriptomes that mapped
against either the HhV genome or the actin mRNA were compared, the
results once again indicated that viral RNA was present at a higher level
in H. halys than actin mRNA (Fig. 5B).
3.7. Iﬂavirus detection in ﬁeld-collected adult individuals of species E. heros
To conﬁrm the presence of iﬂavirus RNA in ﬁeld-collected asymp-
tomatic stink bugs, we carried out a RT-PCR screening of 10 individuals
of species E. heros collected in soybean ﬁelds. Out of ten screened in-
dividuals, only one was found to be positive for the presence of the
iﬂavirus RNA (Fig. 6). As positive controls, we used the cDNA produced
from RNA pools of ﬁve adult individuals from the laboratory colony,
including individuals of species D. melacanthus, C. ubica, and E. heros.
3.8. Microscopy of virus particles
To conﬁrm the presence of virus particles in asymptomatic stink
bugs, we carried out electron microscopy of semi-puriﬁed, negatively-
stained virus-like particle preparations extracted from whole insects.
We observed icosahedral particles resembling the virions of picorna-
like viruses in preparations from the four stink bug species in this study
(Fig. 7). Both empty capsids and intact capsids containing a core could
be observed in the preparation from H. halys, similar in appearance to
the Lygus lineolaris iﬂavirus (LyLV-1) particles reported from the lygus
bug, Lygus lineolaris (Perera et al., 2012). Two visibly distinct sizes of
particles were evident in the H. halys prep. The larger particles in the H.
halys prep measured, on average, 41.2 ± 0.32 nm in diameter
(n= 15), while the smaller particles were 31.9 ± 0.34 nm in diameter
(n= 7). Most of the observed particles fell into the larger size class. The
large particles were bigger than the typical 30-nm iﬂavirus virion, but
appeared to be approximately the same size as the LyLV-1 particles,
which were reported to be 38.7–40.2 nm in diameter (Perera et al.,
2012).
4. Discussion
In this work, we described a very intriguing observation regarding
virus covert infection found by a high throughput sequencing approach:
isolates of the same virus species infecting healthy pentatomids of four
diﬀerent host species. Virus genomes of an iﬂavirus, HhV, originally
discovered in the transcriptome of the brown marmorated stink bug, H.
halys (Sparks et al., 2013), were found in the antennal transcriptomes of
three Brazilian soybean stinkbug pests in a surprisingly high copy
number. Features of the genome, sequence similarity, phylogenetic
relationships, and the appearance of the presumptive virions produced
by these viruses all indicate that these viruses represent a single species
that should be classiﬁed in genus Iﬂavirus of family Iﬂaviridae. More-
over, we found a ﬁeld collected individual of species E. heros positive
Fig. 2. Sequence identity at the amino acid level of the capsid proteins. We present the heat map (the darker the color, the higher is the protein identity) with their
respective percentages. Moreover, the phylogenetic relationship addressed in the Fig. 1 is presented here as a cladogram. We compared capsid proteins of iﬂavirus
closely related to Halyomorpha halys virus (HhV) that include Chinavia ubica iﬂavirus (CuIV), Culex Iﬂavi-like virus 1 (CIV-1), Dichelops melacanthus iﬂavirus
(DmIV), Euschistus heros iﬂavirus (EhIV), Infectious ﬂacherie virus (IfIV), La Jolla virus (LJV), Lygus lineolaris virus 1 (LlV-1), Opsiphanes invirae iﬂavirus 1 (OiIV-
1), Sacbrood virus (SV), Spodoptera exigua iﬂavirus 1 (SeIV-1), and Xysticus cristatus iﬂavirus (XcIV).
Table 2
Number of Single Nucleotide Variants (SNVs) found in the polyprotein CDS of
the new virus isolates in relation to the Halyomorpha halys virus.
Viruses SNVs
Synonymous Non-synonymous Total
EhIV 180 19 199
DmIV 1093 82 1175
CuIV 179 20 199
Fig. 3. Predicted RNA secondary structure of the 5′-un-
translated region of pentatomid iﬂavirus genomes. (A)
Chinavia ubica iﬂavirus (CuIV); (B) Dichelops melachanthus
iﬂavirus (DmIV); (C) Euschistus heros virus (EhIV); and (D)
Halyomorpha halys virus (HhV). The secondary structure of
the RNA was predicted according to Andronescu et al.
(2007). Ends are highlighted and the bases are colored to
indicate a high (red), medium (green), or low (blue) prob-
ability of base pair formation.
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for the presence of the iﬂavirus RNA.
While H. halys is an invasive pest in North America that is native to
China, Japan, and Korea, the other three stink bug species examined in
this study are native to South America. Thus, in addition to possessing a
broad host range, isolates of this virus also exhibit a remarkably broad
geographic distribution. The ability to propagate in diﬀerent species
and spread over long distances may be connected to the capacity of this
virus, documented in this study, to produce large quantities of its RNA
without causing any obvious pathology in its hosts. It is possible that
the iﬂavirus reads discovered in the four pentatomid transcriptomes
analyzed in this study derive from segments of the iﬂavirus genome
sequences integrated into the DNA of the host, as previously described
Fig. 4. Viral RNA quantiﬁcation in the an-
tennal transcriptome of three diﬀerent
Brazilian species of stink bug. (A) Mean
percentage of the total number of antennal
transcriptome reads that mapped against
the complete genomes of Chinavia ubica
iﬂavirus (CuIV), Dichelops melacanthus
iﬂavirus (DmIV), and Euschistus heros iﬂa-
virus (EhIV). (B) Arbitrary value re-
presenting the total number of trimmed
reads mapped against either the virus
genome sequence (without the poly-A tail)
or the actin mRNA used as reference se-
quences for each stinkbug antennal tran-
scriptome. The total number of mapped
reads were divided by both the total
number of trimmed reads obtained for each transcriptome and the reference sequence sizes. Bar heights indicate the averages of two SRA trimmed datasets, and the
error bars represent the standard deviations.
Fig. 5. Viral RNA quantiﬁcation in the whole body transcriptome of nymphs
and adults of the brown marmorated stink bug, H. halys. (A) Mean percentage of
the total number of whole body transcriptome reads that mapped against the
complete genome of HhV. (B) Arbitrary value representing the total number of
trimmed reads mapped against either the HhV genome sequence or the actin
mRNA used as reference sequences for each stinkbug antennal transcriptome
(both without the poly-A tail). The total number of mapped reads were divided
by both the total number of trimmed reads obtained for each transcriptome
(nymphs and adults) and the reference sequence sizes. Bar heights indicate the
averages of two trimmed datasets (male + female adults, and 2nd- + 4th-instar
nymphs), and the error bars represent the standard deviations.
Fig. 6. RT-PCR screening in adult individuals of species E. heros collected from
Brazilian soybean ﬁelds. As positive control, we used RNA extracted from la-
boratory reared insects of species D. melachanthus (Dm), C. ubica (Cu), and E.
heros (Eh). The rows presented a positive ampliﬁed band of 1,304 bp. Ten
randomly selected insects (numbered 1–10) from ﬁeld-collected individuals
were tested for the presence of the iﬂavirus RNA, and only one individual was
found to be positive (row 4). Five-microliter samples of PCR products were
loaded into a 0.8% agarose gel. MW, 1 kb Plus molecular marker.
Fig. 7. Electron micrographs of semi-puriﬁed virus-like particle preparations
from four stink bugs, including (A) Chinavia ubica, (B) Euschistus heros, (C)
Dichelops melacanthus, and (D) Halyomorpha halys. We present representative
ﬁelds with icosahedral particles that resemble iﬂaviruses. In (D), white arrows
indicate empty capsids. Small virions in (D) are denoted by a black solid box,
and large virions are denoted by a white dashed box.
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for ﬂock house virus in Drosophila melanogaster (Goic et al., 2013).
However, no sequences with similarity to the HhV genome were iden-
tiﬁed in genomic sequence data for E. heros, C. ubica, or H. halys.
Sequence reads mapping to the HhV genome sequence do not ap-
pear to be present in the SRAs of a H. halys transcriptome published by
Ioannidis et al. (2014). The diﬀerences in how H. halys was collected
and maintained by the two groups of authors, and how transcriptomes
were prepared from their respective H. halys colonies and analyzed,
may have inﬂuenced the detection of HhV. It is possible that the insects
collected by the Ioannidis et al. group to initiate their colony did not
contain HhV, or that HhV was somehow purged from their colony
during its rearing and maintenance. HhV was identiﬁed by the Sparks
et al. group because of the sequence similarity of reads within their
transcriptome to a partial iﬂavirus sequence discovered in the virome of
a bat (Sparks et al., 2013), and it is possible that the Ioannidis et al.
group may have discarded such reads as contaminants. More research is
required to address the frequency and distribution of the iﬂaviruses
described in this study among diﬀerent populations and species of stink
bugs.
The study of covert virus infections promises to add to our under-
standing of how diﬀerent viruses interact within the same host, and to
provide new insight into the use of insect pathogens for insect pest
control. For example, the asymptomatic infection of Helicoverpa armi-
gera with Helicoverpa armigera densovirus-1 (HaDNV-1) correlates
with increased resistance to lethal infection of H. armigera larvae with
its baculovirus, Helicoverpa armigera nucleopolyhedrovirus (HearNPV)
and also to Bacillus thuringiensis (Bt) toxin. In contrast, co-infections of
Spodoptera exigua larvae with both a baculovirus and an iﬂavirus re-
duced the dose of baculovirus occlusion bodies required to kill larvae
relative to infections with baculovirus alone (Carballo et al., 2017). The
presence of covert iﬂavirus infections of stink bugs may also have an
impact on the deployment of pathogens for stink bug control.
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